( Figure 2A ). The QRE complex of PPeng4 was 750 times more stable than the corresponding complex of eng4, which lacked the PPII helix and -turn in PPeng4 (K d ) 13 ( 2 µM), and 100 times more stable that the corresponding complex of helix 3 (K d ) 1.7 ( 0.3 µM). These comparisons indicate that the PPII helix and -turn in PPeng4 increased QRE 20 affinity by as much as 2.8 kcal‚mol -1 . Previous work had suggested that miniature proteins lacking even one DNA contact residue would fail to detectably bind DNA, even at 4°C. 2 PPeng4 achieved high QRE affinity at 25°C despite the absence of one DNA contact residue from helix 3 (W 48 ), and, more importantly, three from the N-terminal arm. 14-18 † Department of Chemistry. ‡ Department of Molecular, Cellular and Developmental Biology. (9), and eng4 ([) and the fraction of QRE20 (black), ERE20 (white; TAATTA), and MRE20 (gray; CCATCC) bound by (B) PPeng4, (C) eng4, and (D) helix 3 at 25°C. All points represent the average of at least three trials. Error bars denote the standard error. 20 Binding reactions were performed and analyzed as described. 2, 3, 22 Circular dichroism (CD) experiments were performed to characterize the secondary structure of PPeng4 in the presence and absence of QRE 20 . The CD spectrum of PPeng4 revealed significant R-helix in the absence of QRE 20 21 ( Figure 3A) , with a mean residue ellipticity (Θ mrw ) at 222 nm of -3951 deg‚cm 2 ‚dmol -1 . 22 Addition of 1 equiv of QRE 20 amplified the CD signal at 222 nm to -6239 deg‚cm 2 ‚dmol -1 . By contrast, the CD spectrum of helix 3 ( Figure  3B ) showed no R-helical structure in the absence or presence of QRE 20 . 21 These experiments suggest that the affinity of PPeng4 for QRE 20 resulted from significant pre-organization of the helix 3 functional epitope. In this case, a well-folded miniature protein capable of high-affinity DNA recognition was achieved by design, without combinatorial evolution 3, 7 The DNA specificity of PPeng4 was investigated using two sequences used previously to examine homeodomain specificity: ERE 20 and MRE 20 ( Figure 2B) . 15 20 at two base pairs contacted by K 50 and K 46 within helix 3, whereas MRE 20 (CCATCC) differed at two base pairs contacted by R 3 and R 5 on the N-terminal arm. 15, 17, 18 Neither eng4 nor helix 3 discriminated between QRE 20 and either MRE 20 or ERE 20 . In each case, the specificity ratio R (defined as the ratio of the equilibrium dissociation constants of mutant and specific complexes) was near unity. Eng4 and helix 3 bound ERE 20 with affinities of 12 ( 2 and 1.9 ( 0.4 µM (R ) 1 and 0.9, respectively) and bound MRE 20 with affinities of 4.9 ( 1.6 and 1.6 ( 0.2 µM (R ) 0.4 and 1, respectively) ( Figure 2C, D) . By contrast, PPeng4 discriminated QRE 20 from ERE 20 and, especially, from MRE 20. PPeng4 preferred QRE 20 to ERE 20 (K d ) 120 ( 20 nM) with a specificity ratio of 7; the R value reported for Q50K is 36 18 ( Figure  2B ). However, PPeng4 preferred QRE 20 to MRE 20 (540 ( 160 nM) by a factor of 32, a value only 2-fold lower than that reported for Q50K (R ) 64). 18 Remarkably, PPeng4 accurately specified base pairs T 1 and T -2 of the QRE target site despite the absence of those residues that contact these base pairs within the Q50K‚QRE complex, 15, 16 residues that contribute >3.8 kcal‚mol -1 of binding free energy. 17 This observation implies that base pairs T 1 and T -2 are specified indirectly by PPeng4 (and perhaps Q50K engrailed) via interactions between helix 3 and the adjacent DNA major groove. Our results indicate that the PPII helix and -turn in PPeng4 enhance both affinity and specificity, using 13 amino acids to replace the remaining 43 residuessmore than two-thirdssof a bipartite homeodomain motif. More broadly, the success of the PPeng4 design suggests that structural pre-organization can effectively compensate for the free energy of lost protein-DNA contacts. In this case it has been possible to miniaturize both the recognition surface and the structural framework of a globular protein fold.
